M urine models of glaucoma have been the subject of extensive investigation in the past few years in an effort to understand the pathophysiologic mechanisms that lead to the human disease. [1] [2] [3] One of the underlying assumptions is that by studying highly inbred mouse strains, one can decrease the biological variability that undoubtedly affects a complex disease process such as glaucoma.
The DBA/2 mouse strain has emerged as one of the most representative animal models of human glaucoma. 1, 4 Even though this mouse strain exhibits anterior segment abnormalities that include iris atrophy, pigment dispersion, and peripheral anterior synechiae, which are different from what happens in the human open-angle glaucomas, it is the development of elevated intraocular pressure (IOP; starting at ϳ6 months of age) 5, 6 and progressive optic neuropathy that has justified the use of this mouse as a model for the study of the posterior segment processes that operate in human glaucoma.
The pathologic changes in the retina and optic nerve are progressive and affect most of the female mice starting at about 9 months of age. 1 Histologic study of the eyes at later ages has shown a thinning of the nerve fiber layer, retinal ganglion cell (RGC) loss, and optic nerve atrophy. 1 However, this degenerative process is not uniform. 6, 7 RGCs in the DBA/2 mouse retina die in patches in a manner reminiscent of focal RGC loss in the human disease. 6, 8 We reasoned that this preferential loss of some RGCs early in the development of murine glaucoma is paralleled by changes in gene expression within the retina. In the present study, we used microarray analysis to determine differences in gene expression between areas of focal RGC loss and areas of relative RGC preservation in the retina of the DBA/2 mice, in an effort to better understand the pathophysiology of murine glaucoma.
METHODS
All animals were handled in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. A group of 11-to 15-month-old DBA/2 female mice (n ϭ 10) from the colony that we maintain at the Mount Sinai School of Medicine was used in the experiments. Pearl mice (DBA/2J Ϫpe ), were also obtained from Jackson Laboratories (Bar Harbor, ME), and a colony was established and kept at the Mount Sinai School of Medicine. These animals (female of same age, n ϭ 4) served as the nonpathologic control, as they are on a DBA/2 background but do not develop significant retinal disease or RGC loss, at least until the 15th month of age. The animals were housed in covered cages, fed with a standard rodent diet ad libitum, and kept in a constant 12-hour light/12-hour dark cycle. The mice were anesthetized with a mixture of xylazine, acepromazine, and ketamine. Their skulls were exposed, and holes approximately 2 mm in diameter were drilled bilaterally to expose the occipital cortex. Under constant direct observation, the occipital cortex overlying the superior colliculus (SC) was gently aspirated, and the SC was exposed. A piece of gel foam (Pharmacia & Upjohn, Kalamazoo, MI) soaked in 5% aqueous Fluorogold (Fluorochrome, Denver, CO) was applied to each SC. The gel foam was covered with antibiotic ointment, and the overlying skin was sutured. The animals were killed 4 days later, the eyes were enucleated, and the retinas were removed and flat mounted in preservative (RNAlater; Ambion, Inc., Austin, TX). Flatmounts were immediately examined for areas of focal RGC loss ( Fig. 1) . In retinas in which such areas were detected, areas of focal loss and adjacent areas with relative RGC preservation were dissected and stored (RNAlater; Ambion). Both DBA/2 and DBA/2J
Ϫpe mice were labeled with Fluorogold 4 days before death.
Microarray Gene Expression Profiling
Ten DBA/2 mice were used in the project. RNA was extracted from retinal tissue (TRIzol method; Qiagen, Valencia, CA) after the tissue was washed carefully with DEPC-treated water to remove traces of preservative (RNAlater; Ambion). Briefly, the tissue was homogenized in the extraction agent, and chloroform was added to separate the proteins from the RNA. After centrifugation, the RNA-containing supernatant was aspirated, and the organic phase was used for protein extraction. The RNA was washed with isopropanol, precipitated in 70% ethanol, and column purified (RNAeasy mini kit; Qiagen), per the manufacturer's instructions, and subjected to microarray analysis. Proteins were extracted from the organic phase by dialyzing in cellulose dialysis tubing against three changes of 0.1% SDS at 4°C for 48 hours. Protease inhibitors were added, and the samples were stored at Ϫ80°C until subjected to immunoblot analysis. RNA quality control testing was performed (Bioanalyzer; Agilent, Palo Alto, CA) based on the UCLA data quality guide (http://core.genetics.ucla.edu/public/EDCGuidelines). Linear amplification, cRNA synthesis and hybridization to mouse oligonucleotide arrays (GeneChip Mouse Genome 430_2.0; Affymetrix, Santa Clara, CA) was performed at the Mount Sinai core microarray facility. Signal intensities for ϳ45,000 probe sets (each probe set consisting of 11 perfect matches and 11 mismatches) were obtained from each array. Data quality was verified by inspection of various plots of the probe signal intensities such as histograms, box plots, and RNA degradation plots as well as different quality metrics, such as the percentage of probe sets that are called "present" by the MAS 5.0 algorithm, 9 the average background, the scale factor and the GAPDH and ␤-actin 3Ј:5Ј ratios. Arrays failing quality control were replaced with additional arrays. Four paired sets of retinal samples from individual eyes with focal damage were used for statistical analysis.
Probe intensities of the whole dataset were processed using the Gene Chip Robust Multi-array (gcrma) 10 package in Bioconductor.
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The gcrma package adjusts for background intensities in Affymetrix array data, which include optical noise and nonspecific binding and converts background-adjusted probe intensities to expression measures after normalization. The summarized data are thus normalized signal intensities that are logarithm base 2 (log2) transformed. These summarized data were then subjected to statistical analysis.
Real-Time PCR Gene Expression Quantification
Real-time PCR (RT-PCR) was performed to confirm several of the genes identified to be differentially expressed in the microarray analysis. RNA from paired samples from areas of focal loss and adjacent areas with relative RGC preservation were reverse transcribed with random primers to cDNA with a kit (Quantitect; Qiagen), per the manufacturer's instructions. cDNA was prepared for RT-PCR with a SYBR Green RT-PCR Kit (QuantiTect; Qiagen) and specific primer sets (SuperArray Biosciences, Frederick, MD; Table 1 ). The samples were analyzed at the Mount Sinai RT-PCR Core Facility. 
Statistical and Bioinformatics Analysis
Principal component analysis (PCA) was performed to determine the differences in global gene expression between damaged retinal areas in DBA/2 mice, spared retinal areas in the same animals, and retinas of pearl mice. PCA transforms the microarray samples with thousands of gene expression measurements into principal components (PCs) that are not correlated with each other and that account for decreasing proportions of the total variances. Each PC is defined as a particular linear combination of the original genes. In plots with two PCs, each sample is represented by the projection of the original sample onto these two PCs. In addition, retinal samples from DBA/2 retinas were compared as pairs. For each gene, the comparison between areas of retina with severe RGC loss and those with relative preservation was based on a moderated t-statistic, defined to be (x Ϫ y ) /s ϩ s 0 ), where x , y are the average log2 signal intensities from the gcrma package for the two groups, respectively, and s is the standard error of the x Ϫ y , equal to ͱs x 2 /n x ϩ s y 2 /n y . s 0 takes the 10th percentile of s among 45,000 probe sets, which is used to make sure the two-sample t-statistic does not become extremely large, just because of an extremely small s. Significant genes were selected by the following criteria: a moderated tstatistic no less than 3 in absolute value, a maximum signal intensity no less than 5, and a log2-fold change (x Ϫ y no less than 0.5 in absolute value.
Chip IDs (Affymetrix) that were identified to be differentially expressed were manually curated to determine whether they correspond to specific genes or represent only ESTs that cannot be assigned to any specific genes. Genes thus selected were subjected to bioinformatics analysis by pathway-analysis software (Ingenuity Systems; Redwood City, CA and DAVID bioinformatics resources; http://david.abcc.ncifcrf.gov/ provided in the public domain by the National Cancer Institute, Frederick, MD) to determine functional gene networks and canonical groups whose expression is differentially affected between areas of focal RGC loss and those with relative preservation.
RESULTS
Gene expression in the healthy retina of the pearl mice was significantly different from that in undamaged (spared) areas of the DBA/2 mice, as judged from PCA of the signal intensities of all genes included in the microarray (Affymetrix), suggesting that even in areas without apparent RGC loss in DBA/2 mice, pathologic processes that lead to such a loss are operational. Although retinal samples from DBA/2 mice were paired (originating from the same retinas), samples from pearl mice were not. Consequently, when the three groups were compared by ANOVA (using the same criteria for significance described earlier) the number of genes with differential expression between pearl and DBA/2 retinal areas (either damaged or spared) was rather large (Ͼ5000 differentially expressed genes for both comparisons).
By comparing four sets of paired samples of damaged and relatively spared areas in the retinas of DBA/2 mice, we identified 487 IDs with different levels of expression of at least 0.5 log2-fold change between damaged and preserved areas of DBA/2 retinas. The expression of 372 IDs was upregulated, whereas that of 115 was downregulated in areas of RGC loss. Of these, 357 were mapped to mRNA messages of genes (rather than ESTs or genomic sequences). The first 30 (most significant) of the up-and downregulated genes and their modified t-statistic (mod.t) and log2-fold (log2.fd) changes are shown in Tables 2 and 3 When expression levels of these genes were compared with those in pearl retinas, 219 of them were expressed at either similar levels between spared areas and pearl retinas or showed a progressive change from pearl, to spared, to damaged areas. Surprisingly, for 138 genes, expression in pearl retinas was closer to the level in damaged DBA/2 retinal areas (rather than in spared areas). The first 30 (most significant) of the up-and downregulated genes in undamaged and damaged DBA/2 retinal areas compared with pearl retinas and their mod.t and log2-fd changes are shown in Tables 4 and 5 Further bioinformatic pathway analysis (Ingenuity) revealed that genes with differential expression belonged to at least 22 functional networks. The most heavily populated network included 26 genes (of 35 genes included in the network) and is related to cellular assembly and organization, growth, and proliferation and visual system development and function (Fig. 2) . Since these networks are somewhat arbitrary (based on the known relationships of molecules) the same molecules can participate in two or more networks. Thirteen of the networks identified overlapped by one or more molecules, linking at least 438 genes, of which 206 (47%) appeared to change expression. When the genes were organized into canonical pathways, phototransduction, tight-junction signaling, EGF signaling, and inositol diphosphate metabolism were the most affected. In addition, these genes could be grouped by DAVID analysis into 12 functional clusters with a maximum enrichment score of 6.56. Functional annotation clustering gave 124 clusters with a maximum enrichment score of 7.92.
To confirm microarray results, we identified 10 of the genes belonging to different gene networks and confirmed their expression differences by RT-PCR (Fig. 3) .
To determine whether changes in gene expression translate into changes in protein expression, we selected one of the upregulated (Osbpl-9/ORP9) and one of the downregulated (Sntb2 ␤2-syntrophin) genes and determined by immunoblot analysis whether there were differences in the amount of their respective proteins. Protein quantity was shown to increase and decrease respectively in areas of focal RGC loss, in accordance with gene expression changes observed using microarray and RT-PCR gene expression quantification (Fig. 4) .
DISCUSSION
Retinal ganglion cell loss in DBA/2 mice has been shown to be variable. 6, 7, 12 Early damage, as in human glaucoma, is focal in nature, occurring in patches. 6, 8, 13 The progressive nature of optic neuropathy and concurrent RGC loss that these animals sustain means that, over time, these focal areas of damage will expand to cover most of the retina. However, early on it appears that there are differences between areas of retina with significant degeneration and those that are seemingly normal in the same eye. We used microarrays to study gene expression differences between these retinal areas.
Microarray technology offers the advantage that it looks at global gene expression. 14, 15 However, because of the large number of genes analyzed, it also has some inherent limitations. 16, 17 A portion of the genes identified are false positives, and some genes with truly changing expression fail to be identified. In addition genes with low-fold change are less likely to be detected than genes with dramatic changes in expression. Despite methodologic limitations, microarrays have been used in studying differential gene expression in relationship to glaucoma. 18 -24 However, to date no one has systematically investigated gene expression differences in areas of the mouse retina that are damaged or spared, with respect to RGC loss. The advantage of using such an approach is that it significantly decreases biological variability as samples are paired, with each pair originating from one retina. In a disease process with such interanimal and intereye variability, 6, 7 this approach provides a critical advantage in trying to narrow the number of potential genes involved.
To overcome some of the inherent limitations of microarrays, we used traditional strategies such as confirmation of gene changes with RT-PCR. It is generally accepted that RT-PCR is more reliable than microarray analysis when it comes to individual genes. 25 Although the change in expression detected by RT-PCR is not necessarily the same as that determined by microarray analysis, such differences are attributed to the different methodology used, as long as the direction of change is the same. However, RT-PCR analysis can be performed on only a limited number of genes. We elected the genes to confirm by RT-PCR on the basis that they participate in different genetic networks. Our purpose was to confirm at least one of the genes with changing expression in each network, thus adding credibility that the network was involved in the pathology.
Changes in gene expression do not by themselves affect cellular physiology unless they are followed by changes in protein production. Confirmation of the changes in protein amounts for every gene differentially expressed is beyond the scope of this experimental work. The very limited amount of protein that can be extracted from small regions of a single retina makes this task very challenging. However, we did confirm that the protein expression of at least one of the downregulated and one of the upregulated genes changed in damaged versus spared areas of the glaucomatous mouse retina. These two proteins with expression changes that we confirmed are Osbpl9 (ORP9) and SNBT2 (syntrophin 2), respectively. Osbpl9/ORP9 belongs to a large family of oxysterol-binding (OSBP) and OSBP-related proteins (ORP) that has been conserved between yeast and humans. 26, 27 Oxysterols regulate cholesterol biosynthesis, uptake, and efflux, 28 but also other biological functions through the liver nuclear receptors (LXRs) 29 that are present in many tissues, including the retina. 30 ORPs have a pleckstrin homology (PH) domain 31 that mediates interaction with phosphatidyl-inositol 4 phosphate (PI-4-P) and is crucial for targeting the proteins to the Golgi complex. 32 They also carry an FFAT consensus sequence that binds VAMP-associated proteins targeting the ORPs to the endoplasmic reticulum.
33 OSBPL9 (or ORP9, as otherwise known) also has a Golgi targeting sequence in its amino terminal end and has been proposed to be a Golgi regulating, cholesterol transfer protein. 34 Although the exact function of each of the ORPs is yet unclear, studies have suggested that they participate in lipid metabolism and act as sensors and transporters of cholesterol and sphingolipids 31, 32, 35 and that they participate in cell signaling by regulating the activity of the ERK/MAPK pathways. 36 OSBPL9/ORP9 contains a PKC-␤ phosphorylation site, 37 allowing it to negatively regulate the PDK-2 site at Akt, which is known to control cell survival, cell cycle progression, and glucose metabolism. 37 Thus, upregulation of ORP9 in areas of the retina with extensive damage indicated by RGC loss may result from local signals that involve rapidly diffusible lipids and affect the ER and Golgi apparatus. After all, many of the proteins that are associated with glaucoma in humans appear to have a function in ER/Golgi/ endosomal trafficking. 38, 39 Syntrophins are a family of widely distributed intracellular peripheral membrane proteins with two tandem PH domains followed by a syntrophin-unique C terminus domain. They also have a single PDZ domain 40 through which they most likely bind to sodium channels. 41, 42 They also have the ability to bind to sodium and potassium channels through other domains or intermediate proteins 42 and may regulate the proper localization and physiological function of these channels. In addition, syntrophins are known to bind nitric oxide synthase (nNOS), helping to target the enzyme to the sarcolemma. [43] [44] [45] ␤2-Syntrophin has been found in the neuromuscular junction 46 and has been shown to colocalize and interact with a family of microtubule-associated protein kinases. 47 The function of ␤-syntrophin in the retina is currently unknown, but other members of the syntrophin family have been implicated in regulation of subcellular localization of aquaporin 4 48 and potassium channels in Müller cells. 49 -51 This localization raises the possibility that altered water and electrolyte subcellular distribution may modify the function of Müller cell endfeet sufficiently to produce an environment that is detrimental for RGC survival. 52 Alternatively, it could be the result of RGC loss. Investigators studying gene expression and drug development have recently come to the realization that for most genetically complex disorders, it is unlikely that altering the expression or activity of a single gene could be used as a treatment. 53 Instead, genes can be thought of as parts of networks that are affected in pathologic conditions. It is thus important to look at the broader context in which a particular set of genes operates and try to deduce information on the pathophysiology of various conditions. Network analysis places the genes of interest on diagrams that describe wellknown relationship networks that have been reported in the literature. Similarly, canonical pathways analysis also provides information as to how likely it is that a certain number of genes will appear in the same network. By using network and canonical pathways analysis, we identified several important gene networks that appear to be at an increased operational level in glaucoma.
One of the networks identified is presented in Figure 2 . Although this is not the only network identified, we present it as example of a network that can be used for developing targeted therapies. In this particular network, ϳ75% of the genes were identified as having different expression between damaged and spared retinal areas. Although this was the network with the highest score identified, the percentage of genes affected in each of the other networks identified was at least 23%. Eighty percent of the networks identified had at least 40% of their genes differentially expressed. It is important to understand that, given the limitations of microarray experiments, not all molecular components on a network will show altered expression. For example, expression of regulatory molecules is unlikely to change enough to allow detection. What is significant is that a sufficient number of molecules within a network change at the same time. This discovery provides convincing evidence that the activity of the network is altered.
One of the most affected pathways identified was the phototransduction pathway. Despite the lack of gross morphologic changes in the photoreceptors in the DBA/2 mouse, previous publications have shown changes in gene expression and morphology of the photoreceptors in primate glaucomatous retinas. 54, 55 As mentioned previously, results of network analysis (as well as the gene clusters identified with DAVID analysis) are somewhat arbitrary and depend on our existing knowledge of relationships between various genes. As our understanding of the cell physiology and interactions increases, membership in 4. Osbpl-9 and ␤2-syntrophin immunoreactivity in damaged and spared retinal areas. Staining was normalized to the amount of ␤-actin, to account for potential differences in the amount of protein loaded in each lane. Osbpl-9 immunoreactivity (A) was upregulated in areas of focal ganglion cell loss, whereas ␤2-syntrophin (B) immunoreactivity was downregulated. Error bars represent SEM from 2 different Western blot membranes. Each sample contains protein from a pool of four retinas. these networks is bound to change somewhat. In addition, as also mentioned, these networks will become more and more overlapping. What is important is that they provide a framework for confirming that individual genes are involved in a process and exploring how related genes are also affected.
We initiated this work by reasoning that, by studying the gene expression differences between spared and damaged areas in the same retinas in paired fashion, we would be able to determine several things.
1. Some genes may be responsible for or contribute to RGC loss. Such genes may be up-(or down-) regulated before RGC loss in the retina (not necessarily in the RGCs) and their expression could return to baseline levels after RGC loss. 2. There are genes expression that undergoes sustained change in reaction to RGC loss. Such genes expressed in other (non-RGC) retinal cells could be up-or downregulated as a result of changes in the retinal environment after the death of RGCs. 3. There are genes that are RGC specific: These genes would be severely downregulated in areas of the retina with severe RGC loss.
One has of course to keep in mind that there may also be "causative" genes, as in no. 1, with expression that does not return to baseline levels after RGC loss. Such genes would not necessarily be detected by comparing damaged with spared retinal areas, as their expression would also be expected to change in healthy retinal areas before RGC loss. For genes that are expressed at a very low level, it would be difficult to show differences in expression using the whole retina. It is reasonable to assume that some of the gene networks that lead to RGC loss are operational in the spared areas (as these would also progress to RGC loss subsequently), whereas networks of genes that are turned on or off as a result of RGC loss would be operational in the damaged areas. On the other hand, the major advantage of analyzing gene expression in the retina (rather than only RGC gene expression) does not presuppose that the pathogenic mechanisms of glaucoma involve only one cell type. Evidence from our laboratory 56 as well as from other investigators 57, 58 indicates that the sequence of events leading to RGC death may originate or depend on other cells in the retina. Focusing on gene and protein expression only in RGCs (using for example cell cultures) may result in missing key genes involved in the development or progression of glaucoma.
RGC-specific genes are of course expected to be completely downregulated in areas of extensive RGC loss. However, one has to keep in mind that RGCs account for Ͻ1% of the retinal cells, and thus even complete focal RGC loss would not result in detectable changes in genes expressed in RGCs, unless they are uniquely RGC specific. Even then, because of the intensity cutoffs used, some of these genes may not be detected as changing. Indeed, some of the RGC-specific genes were detected to be significantly downregulated in damaged areas (see for example the Opa1 gene) whereas others (e.g., Brn-3 or Thy-1) were not. An alternative explanation may be that the expression of some of the RGC-specific genes may be downregulated before the cells themselves are lost. 59, 60 We used the pearl strain as an additional nonpathologic control for these experiments with the idea that gene expression in the retina of this strain would be similar to that in preserved areas with minimal RGC loss in DBA/2 mice. Pearl mice carry both the Tyrp1 and Gpnmb mutations that are responsible for RGC loss in the DBA/2 strain, but also carry the pearl coat color mutation. This actually consists of a deletion of approximately 100 bp of the Ap3b1 gene, rendering it nonfunctional. 61, 62 As a consequence, melanin processing is completely disrupted, and thus the animals have a characteristically white coat. More important, they do not have high IOP or undergo RGC loss, 5 at least up to the 15th month of age. Because they are on a DBA/2 background, they were an almost ideal control for the microarray experiments described herein. Although minor differences are bound to exist between animals that are maintained in separate colonies and it is possible that the introduction of the Ap3b1 mutation leads to significant gene expression profile changes, at the time this work was performed, pearl mice were the genetically closest control animals we could find. We decided against the alternative strategy of using younger DBA/2 prepathologic mice as the control because of the potential effect that age-related changes in gene expression may have. Based on the PCA results, it is evident that spared areas with RGC preservation within the DBA/2 retinas are far from normal and have a gene expression profile very different from that in the normal retina of pearl mice. Roughly 60% of the genes with different expression between damaged and spared retinal areas of the DBA/2 mice have levels of expression in the pearl retina that conform with our assumption (i.e., levels in pearl retinas are similar to those in damaged DBA/2 areas or follow a graded difference-from pearl retina, to damaged D2 areas, to spared D2 areas). The levels of expression of the other 40% were more similar between pearl retinas and damaged areas in DBA/2 retinas, suggesting a return to more normal retinal gene expression (and by extension retinal physiology) once RGCs are lost.
One of the major limitations of this study is related to one of its major strengths. Because we looked at gene expression in the whole retina, the experiments described herein could not distinguish between gene expression within specific retinal cell types. Methods of localization of gene expression do exist at both the mRNA and protein levels but unfortunately are currently semiquantitative at best when large areas of the retina need to be sampled. We are currently trying to determine where within the retina some of these genes are differentially expressed using ISH and immunohistochemistry. Such localization will undoubtedly provide a clearer picture as to what are the underlying pathophysiologic mechanisms for RGC loss in glaucoma.
